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(54) Organic light-emitting device with field-effect enhanced mobility

(57) A two-terminal organic light-emitting device
structure is presented with low absorption losses and
high current densities. Light generation and emission oc-
cur at a predetermined distance from any metallic con-
tact, the distance being larger than in prior art devices,
thereby minimizing optical absorption losses. High cur-
rent densities and thus high emitted light intensity are
achieved by combining two types of conduction in one

device: by combining space charge limited conduction
and field-effect conduction or by combining ohmic con-
duction and field-effect conduction, thereby optimizing
the current densities. This results in a very high local
concentration of excitons and therefore a high light in-
tensity, which can be important for applications such as
organic lasers, and more in particular electrically pumped
organic lasers.
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Description

Technical field of the invention

[0001] The present invention is related to the field of
organic and polymer electronics, more specifically it is
related to the field of organic light-emitting devices.

Background of the invention

[0002] In the last decade, remarkable progress has
been made in synthesizing conjugated polymers, in un-
derstanding their properties and in developing them for
use in electronic and optical devices. Currently, different
types of devices can be made by using these materials,
for example organic light-emitting diodes (OLEDs), or-
ganic photo detectors, organic photovoltaic cells and or-
ganic field-effect transistors.
[0003] Organic light-emitting devices are typically gen-
erated by sandwiching one or more appropriate organic
layers between two conductive electrodes. This concept
is proposed in US-4,539,507. When an electric field is
applied to the device, negatively charged carriers are in-
jected into the organic layer or organic layers from one
electrode, and positively charged carriers are injected
into the organic layer or organic layers from the other
electrode. Under influence of the applied field, the inject-
ed carriers travel through the organic layer or organic
layers. When two oppositely charged carriers meet each
other on one molecule or polymer segment, they recom-
bine and emit light.
[0004] Another example of prior art organic light-emit-
ting devices is the organic light emitter with improved
carrier injection as disclosed in US-6,720,572. This de-
vice comprises an organic light-emitting layer and an or-
ganic semiconductor layer that enhances injection, inter-
posed between two contacts. This device can also be a
transistor comprising three electrodes, a gate, a drain
and a source. By applying a gate bias, charge carriers
are accumulated at the interface between the semicon-
ductor and the gate dielectric. If an additional drain bias
is supplied, these carriers are injected into the light-emit-
ting layer, where they can recombine and emit light.
[0005] The main disadvantage of the prior art light-
emitting devices is that the light emission occurs very
close to a metallic contact. When the light output is mainly
perpendicular to the surface of the device, the presence
of a metallic contact at a distance of 30 nm or more from
the place of photon creation is acceptable. This is how a
light-emitting diode is normally used. However, if it is the
intention to guide photons in a waveguide, where the
waveguide includes the physical layer in which the pho-
tons are generated, the close proximity of the metal con-
tact introduces high optical absorption losses. In the
state-of-the-art different solutions exist to circumvent this
problem.
[0006] J. H. Schön et al. introduced the idea of an am-
bipolar light-emitting transistor, in "A Light-Emitting Field-

Effect Transistor", Science, 2000, 290 (3), 963-965. This
device comprises three contacts, a gate dielectric and
an ambipolar light-emitting semiconductor material. By
applying an appropriate bias to the drain and the gate
electrode, electrons and holes are injected from the
source and the drain. As the ambipolar material can con-
duct both types of carriers, the holes and electrons re-
combine between the two contacts.
[0007] Another example of prior art organic light-emit-
ting devices, having the light emission far away from the
contacts, is the three-terminal light-emitting transistor re-
ported by S. De Vusser et al., in "Light-emitting organic
field-effect transistor using an organic heterostructure
within the transistor channel", Applied Physics Letters
89, 2006, 223504. The light-emitting devices comprise a
heterojunction in the accumulation channel.
[0008] The disadvantages, however, of the transistor
structures of J. H. Schön et al. and S. De Vusser et al.
are threefold. In the first place, for a given maximum volt-
age bias, only relatively low current densities can be
achieved, resulting in low intensities of the emitted light.
Secondly, the devices are three-terminal devices. Final-
ly, the device structure makes it difficult to incorporate
an additional light-emitting layer.

Summary of the invention

[0009] It is an aim of the present invention to provide
a good two-contact, light-emitting device structure. In em-
bodiments of the present invention, such light-emitting
device structure has a significant distance between a
metal contact and the place where photons are generat-
ed. In embodiments of the present invention, such light-
emitting device structure has and on the other hand the
ability to sustain current densities at least as large as the
best two-terminal organic light-emitting devices in the pri-
or art.
[0010] It is an advantage of embodiments of the
present invention that a two-contact, light-emitting device
structure is provided, with low optical absorption losses,
preferably with reduced or minimized optical absorption
losses compared to prior art light-emitting devices, while
still allowing for high current densities, for example with
current densities at least at the same level as in prior art
light-emitting devices. It is an advantage of embodiments
of the present invention that a two-contact, light-emitting
device structure is provided where light generation and
emission occur at a predetermined distance from any
metallic contact, the distance being larger than in prior
art two-terminal OLEDs. This is a considerable improve-
ment when compared to existing devices wherein light
emission occurs very close to a metallic contact, thus
introducing optical absorption losses that limit the optical
performance of the light-emitting devices, in particular
when the light is coupled into a waveguide that physically
includes the light-emitting layer.
[0011] A light-emitting device in accordance with em-
bodiments of the present invention has the advantage of
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being a two-terminal device. A light-emitting device in
accordance with embodiments of the present invention
furthermore has the advantage of providing high current
densities for a given bias, e.g. higher current densities
for a given bias, compared to prior art devices. This fea-
ture is achieved by providing means of combining two
types of conduction in one device, e.g. space charge lim-
ited conduction and field-effect conduction or ohmic con-
duction and field-effect conduction, thereby optimizing
the current densities. This results in a very high local
concentration of excitons, preferably higher that in prior
art light-emitting devices, and therefore a high light in-
tensity, which can be important for applications such as
organic lasers, and more in particular for electrically
pumped organic lasers. An exciton is a bound electron-
hole pair on one molecule or on neighbouring molecules.
[0012] A light-emitting device in accordance with em-
bodiments of the present invention is a two-terminal de-
vice comprising an active layer, a first electrode substan-
tially lying in a plane, the first electrode being for injecting
charge carriers of a first type into the active layer, a sec-
ond electrode for injecting charge carriers of a second
type into the active layer, the second type of charge car-
riers being of opposite polarity from the fist type of charge
carriers, and an electrically insulating layer in between
the first electrode and the second electrode. The active
layer comprises at least one organic semiconductor lay-
er. At least part of the electrically insulating layer overlays
part of the first electrode. The electrically insulating layer
has an insulator edge, being the edge of the insulating
layer overlaying the first electrode and formed by the in-
tersection of the plane of the insulating layer top surface,
which is the surface not facing the first charge injecting
electrode, and the plane of the insulating layer side sur-
face, which is not parallel to the top surface and which
results from patterning the insulating layer. At least part
of the second electrode overlays part of the electrically
insulating layer, but not the insulator edge, there being
a predetermined distance in a direction parallel to the
plane of the first electrode between the insulator edge
and the second electrode. At least part of the second
electrode overlays part of the first electrode. The active
layer is in contact with part of the first electrode, at least
part of the second electrode and at least part of the elec-
trically insulating layer.
[0013] In the light-emitting device according to embod-
iments of the present invention, the predetermined dis-
tance over which the second electrode is displaced with
respect to the insulator edge may be at least 100 nm,
preferably between 100 nm and 1000 micrometer, more
preferably between 1 micrometer and 10 micrometer.
[0014] The thickness of the insulating layer may be
between 1 nm and 1 micrometer, more preferably be-
tween 50 nm and 200 nm. The insulating layer material
may be selected from the group consisting of silicon di-
oxide, aluminum oxide, tantalum pentoxide, hafnium ox-
ide, enzocyclobutene (BCB), polyimide, poly vinyl phe-
nol, polystyrene, poly vinyl alcohol, self-assembled mon-

olayers, low k dielectrics, high k dielectrics and ferro-
electric insulators.
[0015] At least one of the at least one organic semi-
conductor layer may comprise small molecules, poly-
mers or metal complexes. Small molecules are mole-
cules with a molecular mass between 2 and 10,000 and
may for example be any of tetracene, pentacene, peryl-
enes, oligothiophens (terthiophenes, tetrathiophene,
quinquethiophene or sexithiophene), bora-diazain-
dacene fluorophores, trishydroxyquinoline aluminium
(Alq3) and tetraphenyldiamine. Polymers may for exam-
ple be any of polyphenylenenvinylene, polyfluorene, pol-
ytrialeneamine and polythiophene. The metal complex
may be for example Pt-octaethylporphyrine, Tris(2-phe-
nylpyridine)iridium (III) or Iridium (III) bis(2-(2’-benzoth-
ienyl)pyridinato-N,C3)(acetylacetonate).
[0016] The active layer may comprise a first organic
semiconductor layer contacting the first electrode and a
second organic semiconductor layer contacting the sec-
ond electrode. In a preferred embodiment of the present
invention the first organic semiconductor layer may com-
prise polymers and the second organic semiconductor
layer may comprise small molecules.
[0017] In the two-terminal light-emitting device in ac-
cordance with embodiments of the present invention, the
active layer, the first electrode, the second electrode and
the electrically insulating layer are selected and posi-
tioned such that the first type of charge carriers diffuses
by ohmic conduction or by space charge limited conduc-
tion and the second type of charge carriers drifts by field-
effect conduction over the predetermined distance be-
tween the isolator edge and the second electrode, before
recombining with the first type of charge carriers and
emitting light.
[0018] In a preferred embodiment the field-effect con-
duction may take place in one of the at least one organic
semiconductor layers of the active layer, characterized
by a high mobility, preferably higher than 10-3 cm2/Vs,
for the second type of charge carriers. The organic sem-
iconductor with high mobility for the second type of
charge carriers may for example be any of NN’-Ditride-
cylperylene-3,4,9,10 tetracarboxylic diimide (PTCDl-
C13H27), pentacene, tetracene, Phthalocyanines (e.g.
CuPc, F16Pc), fullerene, polytrialene amine (PTAA) and
Poly (3-hexyl thiophene) (P3HT).
[0019] In an embodiment of the present invention the
first and second electrode and the insulating layer may
be positioned with respect to each other so as to reduce
or avoid a parasitic electrically conductive path between
said first electrode and said second electrode. In embod-
iments of the present invention, part of the second elec-
trode may overlay part of the insulating layer and the
remainder of the second electrode may overlay any elec-
trically insulating layer positioned in between the first
electrode and the second electrode, such that there is
essentially no parasitic electrical path between the first
electrode and the second electrode.
[0020] At least one of the at least one organic semi-
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conductor layer may be at least partially electrochemi-
cally doped with dopants. Dopants may for example be
any of I, Fe3Cl, 2,3,5,6-tetrafluoro-7,7,8,8-tetracyano-
quinodimethane (F4-TCNQ), Ca and polystyrenesul-
fonate (PSS).
[0021] The active layer of the two-terminal light-emit-
ting device in accordance with embodiments of the
present invention may further, in addition to a light-emit-
ting layer, comprise at least one additional organic layer
selected from the group comprising light-emitting layers,
electron-blocking layers, hole-blocking layers, transport
layers and optical confinement layers. The at least one
additional organic layer may in itself be a stack of mate-
rials with lower refractive index than that of the layer emit-
ting light, which is the active layer or, in case the active
layer comprises a plurality of layers, one of the layers of
the active layer where light is emitted. The light-emitting
layer may be doped with light-emitting species such as
e.g. DCM (4-(dicyanomethylene)-2-methyl-6-[4-(dimeth-
ylaminostyryl)-4H-pyran]), rubrene or Btp2lr(acac)..
[0022] The first electrode and the second electrode
may comprise materials with a low barrier for the injection
of charge carriers in said at least one organic semicon-
ductor layer. The first electrode and the second electrode
may comprise a material selected for example from Au,
Ca, Mg, LiF:Al, Al, In, C, Perovskite Manganites (Re1-
xAxMnO3), indium-tin-oxide, titanium oxide, zinc oxide,
Cr, Cu, Fe, Ag, poly(3,4-ethylenedioxythiophene) com-
bined with poly(styrene sulfonate) or may comprise inks
or nanoparticle solutions based on a material selected
from this group.
[0023] The first electrode may be transparent to light
emitted by the light-emitting device. Such transparent
electrode may comprise a material selected for example
form indium-tin-oxide, zinc oxide, titanium oxide or poly-
ethylenedioxythiophene: polystyrenesulfonate (Pedot:
PSS).
[0024] The light-emitting device in accordance with
embodiments of the present invention may comprise an
optical feedback structure, such as for example a distrib-
uted Bragg reflector, a distributed optical feedback struc-
ture or a mirror.
[0025] The light-emitting device in accordance with
embodiments of the present invention may comprise at
least one optical confinement structure and at least one
optical resonator, wherein the at least one optical con-
finement structure and the at least one optical resonator
are arranged such that the light emitted by the light-emit-
ting device is substantially coherent and laser emission
is achieved.
[0026] The present invention further relates to a meth-
od of manufacturing a two-terminal light-emitting device,
e.g. a light-emitting device according to embodiments
described above.
[0027] The method comprises providing a first elec-
trode substantially lying in a plane, providing an electri-
cally insulating layer overlaying part of the first electrode,
the insulating layer having an insulator edge, providing

a second electrode overlaying part of the electrically in-
sulating layer but not the insulator edge, there being a
predetermined distance in a direction parallel to the plane
of the first electrode between the insulator edge and the
second electrode, and providing an active layer compris-
ing at least one organic semiconductor layer, the active
layer being in contact with part of the first electrode, at
least part of the second electrode and at least part of the
electrically insulating layer.
[0028] Furthermore the present invention relates to a
method for emitting light from a two-terminal device com-
prising an active layer with at least one organic semicon-
ductor layer, a first electrode substantially lying in a plane,
a second electrode and an insulating layer in between
the first electrode and the second electrode. The method
of emitting light according to embodiments of the present
invention comprises injecting charge carriers of a first
type from the first electrode into the active layer, injecting
charge carriers of a second type from the second elec-
trode into the active layer, the second type of charge
carriers being of opposite polarity from the first type of
charge carriers, and inducing recombination of the first
type of charge carriers with the second type of charge
carriers at a pre-determined distance from the second
electrode, in a direction substantially parallel to the plane
of the first electrode.
[0029] The method for emitting light according to em-
bodiments of the present invention may furthermore com-
prise forming an accumulation layer of the second type
of charge carriers in the active layer, for example at the
heterojunction between the insulating layer and the ac-
tive layer or at the heterojunction between two organic
semiconductor layers of the active layer. The method for
emitting light according to embodiments or the present
invention may furthermore comprise transporting or in-
ducing transportation of the first type of charge carriers
by space charge limited conduction or by ohmic conduc-
tion and transporting or inducing transportation of the
second type of charge carriers by field-effect conduction.
[0030] The two-terminal light-emitting device in ac-
cordance with embodiments of the present invention may
be used for emitting light by applying a continuous bias
voltage between the first electrode and the second elec-
trode or by applying a pulsed bias voltage between the
first electrode and the second electrode. When operating
the device with a pulsed bias voltage, the pulse duration
may be typically between 1 ns and 100 ns, with an interval
between the pulses typically between 1 Ps and 1 s. These
times are optimized such that the pulse duration may be
longer that the radiative recombination lifetime of singlet
excitons, while the interval between the pulses may be
longer than the lifetime of triplet excitons.
[0031] Particular and preferred aspects of the inven-
tion can be found in the independent and dependent
claims. Features of the dependent claims may be com-
bined with features of the independent claims and with
features of other dependent claims as appropriate and
not merely as explicitly set out in the claims.
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[0032] The above and other characteristics, features,
and advantages of the invention will be clarified in the
following detailed description in combination with the
drawings, which illustrate, by way of example, the prin-
ciples of the invention. This description is given as an
example only, without limiting the scope of the invention.

Brief description of the drawings

[0033]

Figure 1.a is a cross-sectional view of a light-emitting
device in accordance with an embodiment of the
present invention, wherein 11 is the substrate, 12 is
a first charge injecting electrode, 13 is an insulating
layer, 14 is the insulator edge, 15 is an organic sem-
iconductor layer, 16 is a second charge injecting
electrode, 17 is the interface between the insulating
layer 13 and the organic semiconductor layer 15, the
dots at the interface represent the accumulation lay-
er (indicated with 191 in Figure 1.c), 18 is the emitted
light and 19 is the position of a cross-section.
Figure 1.b is a cross-sectional view of an alternative
configuration of the embodiment depicted in Figure
1.a. In this configuration the second charge injecting
electrode 10 is deposited on the insulating layer 13
first, prior to application of the organic semiconductor
layer 15.
Figure 1.c is a graph showing the potential drop at
the cross-section 19 of Figure 1.a or Figure 1.b. 191
is an accumulation layer of charge carriers formed
in the organic semiconductor layer 15 at the interface
with insulating layer 13.
Figure 2.a is a cross-sectional view of an alternative
embodiment of a light-emitting device in accordance
with embodiments of the present invention, wherein
21 is the substrate, 22 is a first charge injecting elec-
trode, 23 is an insulating layer, 24 is the insulator
edge, 25 is a first organic semiconductor layer, 26
is a second organic semiconductor layer, 27 is a sec-
ond charge injecting electrode, 28 is the interface
between first semiconductor layer 25 and second
semiconductor layer 26, at which injected charge
carriers are accumulating (this is represented by the
dots), and 29 is the emitted light.
Figure 2.b is a cross-sectional view of an alternative
configuration of the embodiment depicted in Figure
2.a. In this configuration the second charge injecting
electrode 20 is deposited after deposition of the first
organic semiconductor layer 25 and prior to the dep-
osition of the second organic semiconductor layer
26.
Figure 3.a is a cross-sectional view of an alternative
embodiment of a light-emitting device in accordance
with embodiments of the present invention, wherein
31 is the substrate, 32 is a first charge injecting elec-
trode, 33 is an insulating layer, 34 is the insulator
edge, 35 is a first organic semiconductor layer, 36

is a second organic semiconductor layer, 37 is a sec-
ond charge injecting electrode, 38 is the interface
between insulating layer 33 and second organic
semiconductor layer 36, at which injected charge
carriers are accumulating (this is represented by the
dots), and 39 is the emitted light.
Figure 3.b is a cross-sectional view of an alternative
configuration of the embodiment depicted in Figure
3.a. In this configuration the second charge injecting
electrode 30 is deposited first, prior to the deposition
of the second organic semiconductor layer 36.
Figure 4 is a cross-sectional view of an alternative
embodiment of a light-emitting device in accordance
with embodiments of the present invention, wherein
41 is the substrate, 42 is a first charge injecting elec-
trode, 43 is an insulating layer, 44 is the insulator
edge, 45 is a first organic semiconductor layer, 47
is a second organic semiconductor layer, 46 is a third
organic layer, 48 is a second charge injecting elec-
trode, 49 is the interface between the third organic
layer 46 and the insulating layer 43, at which injected
charge carriers are accumulating (this is represented
by the dots), and 40 is the emitted light.
Figure 5 is a cross-sectional view of a purely illus-
trative example of another alternative embodiment
of a light-emitting device in accordance with embod-
iments of the present invention, wherein 51 is a sub-
strate, 52 is a first charge injecting electrode, 53 is
an insulating layer, 54 is the insulator edge, 55 is a
first organic semiconductor layer, 57 is a second or-
ganic semiconductor layer, 56 is a third organic layer,
58 is a second charge injecting electrode, 59 is the
interface between the second organic semiconduc-
tor layer 57 and the third organic layer 56, at which
injected charge carriers are accumulating (this is rep-
resented by the dots), and 50 is the emitted light.
Figure 6.a to 6.c are cross-sectional views illustrating
different locations of the second charge injecting
electrode 67. On a substrate 61, a first charge inject-
ing electrode 62 is deposited, followed by the depo-
sition of an insulating layer 63. The active layer in
which the conduction takes place is represented by
65. The accumulation layer of charge carriers (191
in Figure 1.c) is indicated by the dots. The second
charge injecting electrode 67 is in contact with this
active layer. In Figure 6.c both electrodes touch the
underlying substrate.
Figure 7 teaches possible alternatives for the geo-
metrical layout of the electrodes. In Figure 7.a, the
electrodes of a device according to embodiments of
the present invention, corresponding to the embod-
iment shown in Figure 2, are essentially rectangular.
Figure 7.b shows the corresponding top view. In Fig-
ure 7.c the electrodes are essentially circular. Figure
7.d is a top view of this circular configuration in ac-
cordance with embodiments of the present inven-
tion.
Figure 8 is a cross-sectional view of the embodiment
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shown in Figure 2, represented in a repetitive con-
figuration in accordance with embodiments of the
present invention.
Figure 9 is a graph showing the measured light emis-
sion spectrum of the device of Figure 5, when a pos-
itive voltage is applied to the first charge injecting
electrode 52 with respect to the second charge in-
jecting electrode 58 and wherein the following ma-
terials are used: the first charge injecting electrode
52 is indium-tin-oxide, the insulating layer 53 is made
of silicon dioxide, the first organic semiconductor lay-
er 55 is PTAA, the second organic semiconductor
layer 57 is PTCDI-C13H27, the third organic layer
56 is a polymer layer doped with btp2Ir(acac) as light-
emitting dye, and the second charge injecting elec-
trode 58 is made of LiF:Al.
Figure 10 is a graph illustrating the measured current
flowing between the first charge injecting electrode
52 and the second charge injecting electrode 58 as
a function of the voltage applied between these elec-
trodes.
Figure 11 teaches possible alternatives for the incor-
poration of optical resonators. In Figure 11.a, reso-
nators 70 are positioned around a device corre-
sponding to the embodiment shown in Figure 2, in
such a way that feedback is generated in the lateral
direction. 71 is the direction in which feedback is gen-
erated. In Figure 11.b, resonators 72 are positioned
around a device corresponding to the embodiment
illustrated in Figure 2, so as to generate feedback in
the vertical direction, indicated by arrow 73.
Figure 12 shows typical electrical bias schemes for
pulsed operation of a light-emitting device in accord-
ance with embodiments of the present invention. In
figures 12.a and 12.b, 121 is a pulse with a bias con-
dition corresponding to injection of charge carriers
in the active layer and 122 is the interval between
pulses. The bias scheme of figure 12.b shows the
(optional) bias condition 123 for removing charge
carriers from the device.

Detailed description and embodiments

[0034] The present invention will be described with re-
spect to particular embodiments and with reference to
certain drawings but the invention is not limited thereto
but only by the claims. The drawings described are only
schematic and are non-limiting. In the drawings, the size
of some of the elements may be exaggerated and not
drawn on scale for illustrative purposes. The dimensions
and the relative dimensions do not correspond to actual
reductions to practice of the invention.
[0035] Furthermore, the terms first, second, third and
the like in the description and in the claims, are used for
distinguishing between similar elements and not neces-
sarily for describing a sequential or chronological order.
The terms are interchangeable under appropriate cir-
cumstances and the embodiments of the invention can

operate in other sequences than described or illustrated
herein.
[0036] Moreover, the terms top, bottom, over, under
and the like in the description and the claims are used
for descriptive purposes and not necessarily for describ-
ing relative positions. The terms so used are interchange-
able under appropriate circumstances and the embodi-
ments of the invention described herein can operate in
other orientations than described or illustrated herein.
[0037] The term "comprising", used in the claims,
should not be interpreted as being restricted to the means
listed thereafter; it does not exclude other elements or
steps. It needs to be interpreted as specifying the pres-
ence of the stated features, integers, steps or compo-
nents as referred to, but does not preclude the presence
or addition of one or more other features, integers, steps
or components, or groups thereof. Thus, the scope of the
expression "a device comprising means A and B" should
not be limited to devices consisting only of components
A and B. It means that with respect to the present inven-
tion, the only relevant components of the device are A
and B.
[0038] In organic devices there are three main types
of charge conduction, namely ohmic conduction, space
charge limited conduction and field-effect conduction.
The term conduction, used in the context of this text, com-
prises two different aspects. It indicates a way of creating
a certain charge carrier density, and it also refers to
charge carrier mobility.
[0039] Ohmic conduction and space charge limited
conduction are typical for organic light-emitting diodes
and organic photovoltaic cells. In the case of ohmic con-
duction the current follows Ohm’s law, which states that
current flowing through the semiconductor is directly pro-
portional to the potential difference. In the case of space
charge limited conduction, however, the current flow is
limited by the bulk of the semiconductor, more particularly
by the fact that the charge of the charge carriers limits
the accumulation of these carriers in the bulk of the sem-
iconductor. In both cases, the charge carrier density in
the semiconductor depends only on material parameters.
In field-effect transistors, on the other hand, the current
flowing between two ohmic contacts, the source and the
drain, is modulated by applying a bias to a third contact,
the gate electrode. In this way charge carriers can be
accumulated or depleted in the semiconductor close to
the semiconductor/insulator interface. A small drain bias
will then give rise to a current. In addition, the accumu-
lated charges can flood deep traps, such that the mobility
of the remaining carriers increases. In these devices the
field provides an additional mechanism to control the
amount of charges in the semiconductor compared to
organic light-emitting diodes and organic photovoltaic
cells.
[0040] In case of field-effect conduction, an accumu-
lation layer of charge carriers is formed under the influ-
ence of an electric field. Charge carriers drift in this ac-
cumulation layer over a distance under the influence of
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the same electric field.
[0041] In the different embodiments of this invention,
the layer comprising one or more organic semiconductor
materials in which the different conduction mechanisms
take place, together with optional extra organic layers for
other purposes (such as e.g. light-emitting layers, elec-
tron-blocking layers, hole-blocking layers, transport lay-
ers or any other functional layers) is called the active
layer.
[0042] In embodiments of the present invention, the
insulating layer (13, 23, 33, 43, 53, 63 in Figures 1 to 8)
is patterned and partially covers the first charge injecting
electrode (12, 22, 32, 42, 52, 62), being the bottom elec-
trode in Figures 1 to 8. So the insulating layer contacts
part of the first charge injecting electrode. The insulating
layer has an insulator edge (14, 24, 34, 44, 54), being
the edge of the insulating layer overlaying the first elec-
trode and formed by the intersection of the plane of the
insulating layer top surface, which is the surface not fac-
ing the first charge injecting electrode, and the plane of
the insulating layer side surface, which is not parallel to
the top surface and which results from patterning the in-
sulating layer. The active layer, which may comprise one
or more organic semiconductor layers, covers or contacts
part of the first charge injecting electrode (12, 22, 32, 42,
52, 62) and at least part of the insulating layer (13, 23,
33, 43, 53, 63). The active layer also contacts the second
charge injecting electrode (16, 10, 27, 20, 37, 30, 48, 58,
67), being the top electrode in Figures 1 to 8. Thus, the
active layer is physically contacting the insulating layer
(13, 23, 33, 43, 53, 63), the first charge injecting electrode
(12, 22, 32, 42, 52, 62) and the second charge injecting
electrode (16, 10, 27, 20, 37, 30, 48, 58, 67). Material
from the active layer may be present in between the in-
sulating layer and the second charge injecting electrode,
however, this is optional. There is no direct contact be-
tween the first charge injecting electrode and the second
charge injection electrode. At least part of the second
charge injecting electrode overlays part of the first charge
injecting electrode. The active layer is in electrical contact
with both the first charge injecting electrode and the sec-
ond charge injecting electrode. The second charge in-
jecting electrode (16, 10, 27, 20, 37, 30, 48, 58, 67) is
displaced over a predetermined distance with respect to
the insulator edge (14, 24, 34, 44, 54) in a direction par-
allel to the plane of the first electrode, such that the sec-
ond charge injecting electrode is overlaying only part of
the insulating layer, said part of the insulating layer not
comprising the insulator edge, and such that at least part
of the second electrode is overlaying the insulating layer
and the remainder of the second electrode is overlaying
any electrically insulating layer positioned in between the
first charge injecting electrode and the second charge
injecting electrode. The predetermined distance over
which the second charge injecting electrode is displaced
with respect to the insulator edge is at least 100 nm,
preferably between 100 nm and 1000 micrometer, more
preferably between 1 micrometer and 10 micrometer.

[0043] When applying a voltage between the first
charge injecting electrode (12, 22, 32, 42, 52, 62) and
the second charge injecting electrode (16, 10, 27, 20, 37,
30, 48, 58, 67), charge carriers are injected from these
electrodes into the active layer (15; 25,26; 35,36;
45,46,47; 55,56,57; 65). The charge carriers injected
from the first electrode should be of a polarity opposite
from the polarity of the charge carriers injected from the
second electrode. Charge carriers injected by the second
charge injecting electrode (16, 10, 27, 20, 37, 30, 48, 58,
67) move by field-effect mobility under the influence of
the electric field applied between the two electrodes.
Field-effect mobility takes place in an accumulation layer
(191 in Fig. 1.c) in the active layer, where charge carriers
are accumulated. The position of the two electrodes, in
combination with the location of the insulating layer (13,
23, 33, 43, 53, 63), and the location of the active layer
can be chosen such that charge carriers are accumulated
at the heterojunction between the insulating layer and
one of the semiconductor layers of the active layer or at
the heterojunction between two semiconductor layers of
the active layer. The distance over which the charge car-
riers injected by the second charge injecting electrode
move by field-effect mobility is determined by the design
of the device, more in particular by the distance over
which the second charge injecting electrode is displaced
with respect to the insulator edge. As indicated before,
this distance is at least 100 nm, such that the charge
carriers injected by the second charge injecting electrode
are at a distance of at least 100 nm from that electrode
before recombining with the other type of charge carriers.
When those charge carriers recombine, excitons are cre-
ated. This way light is emitted at a distance of at least
100 nm from the second charge injecting electrode,
thereby limiting optical absorption by the second charge
injecting electrode.
[0044] An illustrative cross-sectional view of an em-
bodiment of the present invention is shown in Figure 1.a.
The device comprises a first charge injecting electrode
12 and a second charge injecting electrode 16, an insu-
lating layer 13 covering only a part of the first charge
injecting electrode 12, the insulating layer 13 having an
insulator edge 14 and at least one organic semiconductor
layer 15. This structure may be obtained by depositing
an electrically conductive electrode 12 on substrate 11.
In embodiments of the present invention, the term "sub-
strate" may include any underlying material or materials
that may be used, or upon which a device in accordance
with embodiments of the present invention may be
formed. The substrate may be a rigid substrate or a flex-
ible substrate, and it may be transparent, translucent or
opaque. The substrate may include a semiconductor
substrate such as e.g. doped silicon, a gallium arsenide
(GaAs), a gallium arsenide phosphide (GaAsP), an indi-
um phosphide (InP), a germanium (Ge), or a silicon ger-
manium (SiGe) substrate. The substrate may include for
example an insulating layer such as a SiO2 or a Si3N4
layer in addition to a semiconductor substrate portion.
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Thus, the term substrate also includes silicon-on-glass,
silicon-on sapphire substrates. The term "substrate" is
thus used to define generally the elements for layers that
underlie a layer or portions of interest. Also, the substrate
may be any other base on which a layer is formed, for
example a glass or metal layer. Particularly suitable sub-
strate materials may for example be glass, quartz, sap-
phire, silicon oxide, capton, Polyethylene terephthalate
(PEN), Polyethylene naphthalate (PET), parylene, and
polyimide. On top of this first charge injecting electrode
12, an insulating layer 13 is deposited, covering only part
of the electrode area. An organic semiconductor layer 15
overlies the insulating layer 13 and the first charge in-
jecting electrode 12. A second charge injecting electrode
16 is deposited on top of the organic semiconductor layer
15 above the insulating layer 13, displaced with respect
to the insulator edge 14. In this first configuration, the
organic semiconductor layer 15 is deposited first, fol-
lowed by the second charge injecting electrode 16. In an
alternative embodiment, shown in Figure 1.b, the second
charge injecting electrode 10 may be deposited prior to
the deposition of the organic semiconductor layer 15.
[0045] By applying a bias to the first charge injecting
electrode 12, one type of carriers, e.g. negative charge
carriers or positive charge carriers, is injected from that
electrode 12 into organic semiconductor layer 15 and
transported essentially vertically. The corresponding cur-
rent is expected to be space charge limited or ohmic
based. The other type of charge carriers, e.g. positive
charge carriers or negative charge carriers, respectively,
is injected into the organic semiconductor layer 15 from
the second charge injecting electrode (16 or 10) and is
accumulating at the interface 17 between the organic
semiconductor layer 15 and the insulating layer 13.
These carriers are then laterally transported along the
interface 17 between the insulating layer 13 and the or-
ganic semiconductor layer 15 by the electric field be-
tween both electrodes 12 and 16 or 10 (field-effect con-
duction). First charge injecting electrode 12 controls the
field-effect conduction of these charge carriers. The mo-
bility of these charge carriers is larger than in a conven-
tional OLED because field-effect mobility is used. Near
the insulator edge 14 these carriers form excitons with
the oppositely charged, essentially vertically injected car-
riers from first charge injecting electrode 12. Recombi-
nation of the excitons results in light emission 18 in the
vicinity of the insulator edge 14 at a large distance from
second charge injecting electrode 16 or 10. The first
charge injecting electrode 12 may be transparent to light
emitted by the device. In the case the device is used for
emitting light through the substrate, a transparent sub-
strate such as for example glass or quartz may be used.
[0046] In Figures 1.a and 1.b, the first charge injecting
electrode 12 injects one type of charge carriers. Elec-
trode 12 also attracts the other type of charge carriers
injected from second charge injecting electrode 16 (Fig-
ure 1.a) or 10 (Figure 1.b), thereby forming an accumu-
lation layer at the interface 17 between the insulating

layer 13 and the organic semiconductor layer 15. Figure
1.c shows the potential drop at the cross-section 19,
clearly showing the accumulation layer 191 at the inter-
face 17.
[0047] Referring to Figure 2.a, another embodiment of
the present invention comprises a substrate 21, upon
which is deposited a first electrically conductive charge
injecting electrode 22. On top of this electrode, an insu-
lating layer 23 is deposited, covering only a part of the
electrode area of the first electrode. A first organic sem-
iconductor layer 25 overlies the insulating layer 23 and
the electrode 22. A second organic semiconductor layer
26 overlies the first organic semiconductor layer 25. Sec-
ond charge injecting electrode 27 is deposited on top of
the second organic semiconductor layer 26 above the
insulating layer 23, displaced with respect to the insulator
edge 24 so as to not be located above the insulator edge
24. The first charge injecting electrode 22 injects one
type of charge carriers into the first organic semiconduc-
tor layer 25 and the second charge injecting electrode
27 injects the other type of charge carriers into the second
organic semiconductor layer 26. In such configuration
the charge carriers injected from second charge injecting
electrode 27 into second organic semiconductor layer 26
accumulate at the interface 28 between the first organic
semiconductor layer 25 and the second organic semi-
conductor layer 26. The first charge injecting electrode
22 controls the accumulation of the charge carriers, in-
jected by the second charge injecting electrode 27, in the
second organic semiconductor layer 26 at the interface
28 between the first organic semiconductor layer 25 and
the second organic semiconductor layer 26. Electrode
22 may be transparent to light emitted by the device. The
light emission 29 occurs near the insulator edge 24. Fig-
ure 2.b is a cross-sectional view of an alternative config-
uration of the embodiment depicted in Figure 2.a. In this
configuration a second charge injecting electrode 20 is
deposited after deposition of the first organic semicon-
ductor layer 25 and prior to the deposition of the second
organic semiconductor layer 26.
[0048] In this embodiment the first organic semicon-
ductor layer 25 can have two different functions. First, it
transports the carriers injected by first charge injecting
electrode 22 and second, it forms with second organic
semiconductor layer 26 an interface 28, at which accu-
mulation and field-effect transport is taking place.
[0049] An alternative embodiment of the present in-
vention is shown in Figure 3. In this embodiment, two
different organic semiconductor layers 35 and 36 are de-
posited. This embodiment differs from the embodiment
illustrated in Figure 2, in that the first organic semicon-
ductor layer 35 does not overlay the insulating layer 33,
but is confined to a region on top of first charge injecting
electrode 32 and adjacent the insulating layer 33. The
second organic semiconductor layer 36, however, over-
lies both the first organic semiconductor layer 35 and the
insulating layer 33. The device according to this embod-
iment of the invention may be made in different configu-
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rations. In a first configuration, the second organic sem-
iconductor layer 36 may be deposited first, followed by
second charge injecting electrode 37 being deposited on
the second organic semiconductor layer 36. This embod-
iment is shown in Figure 3.a. In an alternative embodi-
ment, shown in Figure 3.b, second charge injecting elec-
trode 30 is deposited on the insulating layer 33 first, prior
to the deposition of the second organic semiconductor
layer 36. In both cases, the second charge injecting elec-
trode 37, 30 is offset with respect to the insulator edge
34, i.e. the second charge injecting electrode 37, 30 does
not overlay the insulator edge 34. In projection on the top
surface of the light generating device, there is a pre-de-
termined distance between the projection of the edge 34
of the insulating layer 33 and the edge of the second
electrode 37, 30, the pre-determined distance being at
least 100 nm, preferably between 100 nm and 1000 mi-
crometer, more preferably between 1 micrometer and 10
micrometer. Charge carriers are injected from second
charge injecting electrode 37 (Figure 3.a) or 30 (Figure
3.b) in the second organic semiconductor layer 36, there-
by forming an accumulation layer close to the interface
38 with the insulating layer 33.
[0050] In another embodiment of the present invention
one or more additional layers (46 in Figure 4 and 56 in
Figure 5) may be added between the first organic semi-
conductor layer (45, 55) and the second organic semi-
conductor layer (47, 57). These one or more additional
layers may be light-emitting layers, electron-blocking lay-
ers (such as polytrialene amine (PTAA)), hole-blocking
layers (such as 2,9-Dimethyl-4,7-diphenyl-1,10-phenan-
throline (BCP)) or transport layers (such as trishydroxy-
quinoline aluminium (Alq3), NN’-Ditridecylperylene-
3,4,9,10 tetracarboxylic diimide (PTCDI-C13H27), N,N’-
Bis-(3- methylphenyl)-N, N’- bis-(phenyl)-benzidine
(TPD)). These layers may be confined to a certain pre-
determined region, e.g. a region adjacent the insulating
layer (as layer 46 in Figure 4) or may cover the whole
sample (as layer 56 in Figure 5). These additional layers
may be any suitable layers for use in an organic light
generating device, for example polymers, small mole-
cules or metal complexes.
[0051] The device of Figure 4 comprises a substrate
41, upon which is deposited a first electrically conductive
charge injecting electrode 42. On top of this electrode
42, an insulating layer 43 is deposited, covering only a
part of the electrode area. A first organic semiconductor
layer 45 is then deposited, covering part of the first charge
injecting electrode 42 adjacent the insulating layer 43,
without overlaying the insulating layer 43. On top of this
first organic semiconductor layer 45, an additional layer
46 is deposited. This additional layer 46 covers only the
region on top of the first organic semiconductor layer 45,
without overlaying the insulating layer 43. Layer 46 may
be a combination or stack of different layers or may be
a single layer. This additional layer 46 may for example
be a light-emitting layer. A second organic semiconductor
layer 47 overlies this additional layer 46 and the insulating

layer 43. The second charge injecting electrode 48 is
deposited on top of the second organic semiconductor
layer 47 above the insulating layer 43, displaced with
respect to the insulator edge 44. If layer 46 is a light-
emitting layer, when applying a bias on the first charge
injecting electrode 42, one type of charge carriers is in-
jected from first charge injecting electrode 42 into the first
organic semiconductor layer 45 and transported essen-
tially vertically to the light-emitting layer 46. The other
type of charge carriers is injected from second charge
injecting electrode 48 and transported laterally, by field-
effect conduction, towards the insulator edge 44, where
they can be injected into the light-emitting layer 46. The
two types of charge carriers recombine in the light-emit-
ting layer 46 and generate light emission 40 near the
insulator edge 44 in the light-emitting material. As men-
tioned before, this example is not limitative. There may
be more than one additional layer 46 and one or more of
these layers may cover the complete sample.
[0052] Figure 5 shows an embodiment of the present
invention wherein the first organic semiconductor layer
55 covers both the first charge injecting electrode 52 and
the insulating layer 53 and the additional layer 56 fully
covers the first organic semiconductor layer 55. On top
of substrate 51, an electrically conductive electrode 52
is deposited. On top of this first charge injecting electrode
52, an insulating layer 53 is deposited, covering only a
pre-determined part of the electrode area. A first organic
semiconductor layer 55 is deposited covering both the
first charge injecting electrode 52 and the insulating layer
53. On top of this first organic semiconductor layer 55,
an additional layer 56 is deposited. Layer 56 may be a
combination or stack of different layers or may be a single
layer. This additional layer 56 may be a light-emitting
layer. A second organic semiconductor layer 57 overlies
this additional layer 56. A second charge injecting elec-
trode 58 is deposited on top of the second organic sem-
iconductor layer 57 above the insulating layer 53, dis-
placed with respect to the insulator edge 54 and not over-
laying the insulator edge 54.
[0053] It should be understood that the embodiments
above are only a limited selection of all possible embod-
iments. Many other combinations and locations of sem-
iconductor layers, additional layers, insulating layer and
first and second charge injecting electrode are possible.
[0054] Figure 6 is a cross-sectional view illustrating dif-
ferent locations of the second charge injecting electrode
67. On a substrate 61, a first charge injecting electrode
62 is deposited, followed by the deposition of an insulat-
ing layer 63. The active layer in which the conduction
takes place is represented by 65. The second charge
injecting electrode 67 is in contact with this active layer.
The accumulation layer of charge carriers (191 in Figure
1.c) is indicated by the dots. The first charge injecting
electrode 62 and the second charge injecting electrode
67 should not be in electrical contact, meaning that there
should not be a short-circuit between those two elec-
trodes. This means that, in case of an electrically insu-
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lating substrate, both electrodes may contact or touch
the underlying substrate. This is illustrated in Figure 6.c.
[0055] The embodiments described above, as well as
all other embodiments may be made with different ge-
ometries. In Figure 7 different geometries for the embod-
iment depicted in Figure 2 are represented. In a first ge-
ometrical configuration, the device is essentially rectan-
gular in projection onto the substrate, which means that
the insulator edge is a straight line. The embodiment rep-
resented in Figure 2 is shown in a rectangular configu-
ration in Figures 7.a and 7.b. In an alternative embodi-
ment, the device is circular in projection onto the sub-
strate. In this configuration, a circular hole is made in the
insulating layer. The second charge injecting electrode
27 forms a ring structure and is deposited essentially
concentrically on top of the hole in the insulating layer.
The circular configuration of the embodiment represent-
ed in Figure 2 is shown in Figures 7.c and 7.d. This ex-
ample is not intended to be restrictive. The different em-
bodiments according to the invention can be made in the
geometrical configurations described above as well as
in other geometrical configurations.
[0056] The embodiments described above, as well as
all other embodiments may be repeated several times in
one device. As an example the embodiment represented
in Figure 2 is illustrated in a repetitive configuration in
Figure 8. This example is not intended to be restrictive;
all different embodiments may be made in a repetitive
configuration.
[0057] In the different embodiments, the insulating lay-
er (13, 23, 33, 43, 53, 63 in Figures 1 to 8), is preferably
a silicon dioxide layer with a thickness between 1 nanom-
eter and 1 micrometer, typically 100 nanometer. Also oth-
er oxides, such as aluminumoxide, tantalum pentoxide,
hafnium oxide, ect., polymer dielectrics such as BCB,
polyimide, poly vinyl phenol, polystyrene, poly vinyl alco-
hol, etc., and other dielectrics such as self assembled
monolayers, low k dielectrics, high k dielectrics, ferro-
electric insulators, etc. can be chosen as insulator.
[0058] The injection of electrons and holes is important
for the functioning of the device. Injection of charge car-
riers can be facilitated by the use of an appropriate ma-
terial for the electrodes, meaning a material that has a
low barrier against injection of a charge carrier type in
the specific organic layer. Examples of materials that can
be used to fabricate the charge injecting electrodes are
Au, Ca, Mg, LiF:Al, Al, In, C, Perovskite Manganites (Re1-
xAxMnO3), indium-tin-oxide, titanium oxide, zinc oxide,
Cr, Cu, Fe, Ag, poly(3,4-ethylenedioxythiophene) com-
bined with poly(styrene sulfonate), and inks and nano-
particle solutions based on these materials.
[0059] In an embodiment, the second charge injecting
electrode (16, 10, 27, 20, 37, 30, 48, 58, 67) may be a
metal. In the preferred embodiment, the parasitic light
absorption by the second charge injecting electrode is
reduced as compared to the case of existing OLEDs,
because the recombination of the charge carriers results
in light emission near the insulator edge (14, 24, 34, 44,

54), at a predetermined distance from the light-absorbing
second electrode (16, 10, 27, 20, 37, 30, 48, 58, 67), this
distance being larger than in existing OLEDs. This is ob-
tained by depositing the second charge injecting elec-
trode (16, 10, 27, 20, 37, 30, 48, 58, 67) above the insu-
lating layer (13, 23, 33, 43, 53, 63), displaced with respect
to the insulator edge (14, 24, 34, 44, 54). The larger the
distance between the second charge injecting electrode
and the insulator edge, the larger the distance between
the light-absorbing top electrode and the point where the
light-emission occurs and the lower the optical absorption
losses in the second charge injecting electrode. Howev-
er, increasing this distance also leads to a smaller amount
of charges that can reach the insulator edge, resulting in
less light emission and a lower current. Therefore, the
distance between the insulator edge (14, 24, 34, 44, 54),
in the vicinity of which generation of excitons occurs, and
the second charge injecting electrode (16, 10, 27, 20, 37,
30, 48, 58, 67), e.g. metallic electrode, may be optimized
to obtain the highest current density and lowest optical
losses. To avoid optical absorption, the distance between
the insulator edge and the metallic second charge inject-
ing electrode is preferably larger than the wavelength of
the emitted photons. This means that the distance be-
tween the insulator edge and the metallic second charge
injecting electrode, in embodiments of the present inven-
tion, should preferably be larger than 100 nm. Therefore
the second charge injecting top electrode should prefer-
ably be deposited at a distance between 100 nm and
1000 Pm from the insulator edge, typically at a distance
between 1 Pm and 10 Pm.
[0060] In order to reduce absorption losses in the first
charge injecting electrode (12, 22, 32, 42, 52, 62), in a
preferred embodiment the first charge injecting electrode
is transparent to the light emitted by the device. A trans-
parent conductive material formed by a transparent con-
ductive oxide such as indium-tin-oxide, zinc oxide, tita-
nium oxide may be used or a conductive polymer, such
as polyethylenedioxythiophene: polystyrenesulfonate
(Pedot:PSS). The optical absorption of such materials is
small compared to the optical absorption of a metal.
[0061] The present invention comprises at least one
organic semiconductor layer. In Figure 1 a device with
one organic semiconductor layer 15 is illustrated. In Fig-
ures 2 to 8, devices with two or more organic semicon-
ductor layers (25 and 26, 35 and 36, 45 and 46 and 47,
55 and 56 and 57) are shown. The organic semiconductor
layers may comprise small molecules (these are mole-
cules with a molecular mass between 2 and 10,000), such
as tetracene, pentacene, perylenes, oligothiophens (ter-
thiophenes, tetrathiophene, quinquethiophene or sexithi-
ophene), bora-diazaindacene fluorophores, trishydroxy-
quinoline aluminium (Alq3), tetraphenyldiamine, etc.; the
organic semiconductor layers may comprise polymers,
such as polyphenylenenvinylene, polyfluorene, polytri-
aleneamine or polythiophene; they may comprise metal
complexes such as Pt-octaethylporphyrine, Tris(2-phe-
nylpyridine)iridium (III) or Iridium (III) bis(2-(2’-benzoth-
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ienyl)pyridinato-N,C3)(acetylacetonate). The list of ma-
terials is not intended to be restrictive, but only to provide
examples.
[0062] Deposition of small molecules is typically done
by sublimation or vapor-phase transport. Polymers, on
the other hand, may be deposited by different techniques,
such as spin coating, drop casting, inkjet printing, doctor
blading, etc. It may be advantageous to use a solution-
processed material as first organic semiconductor layer
and an evaporated material as second organic semicon-
ductor layer. Solution-processed layers often result in a
smooth top surface, which is advantageous for the
growth of an additional layer by vacuum deposition. Re-
ferring to Figure 7.d, inkjet printing may be used for de-
positing a drop in the center of the structure.
[0063] Because charge carriers injected from the sec-
ond charge injecting electrode (16, 10, 27, 20, 37, 30,
48, 58, 67) have to travel over a distance of at least 100
nm (between 100 nm and 1000 Pm, typically between 1
Pm and 10 Pm) in the organic semiconductor layer un-
derneath (15, 26, 36, 47, 57), preferably organic materi-
als having a high mobility (preferably higher than 10-3

cm2/Vs) should be used for this organic semiconductor
layer. Examples of materials having a high mobility are
NN’-Ditridecylperylene-3,4,9,10 tetracarboxylic diimide
(PTCDl-C13H27), pentacene, tetracene, Phthalocy-
anines (e.g. CuPc, F16Pc), fullerene, polytrialene amine
(PTAA), P3HT etc. This list of materials is not intended
to be restrictive, but only to provide examples.
[0064] When two or more organic semiconductor lay-
ers are combined (as illustrated in Figures 2 to 5, 7 and
8), different combinations of organic semiconductor ma-
terials mentioned above are possible (layers with num-
bers 25 and 26, 35 and 36, 45 and 47, 55 and 57 in the
different Figures). For example, the first organic semi-
conductor layer (25, 35, 45, 55) may be a polymer layer
and the second organic semiconductor layer (26, 36, 47,
57) may comprise or consist of small molecules. In the
context of the present invention, small molecules are mol-
ecules with a molecular mass between 2 and 10,000. In
that case, the bottom polymer layer (25, 35, 45, 55) is
deposited first. An advantage is that a polymer layer may
be deposited by spincoating, which results in a smoother
surface than in the case of deposition techniques typically
used for small molecules. The smoothness of the top
surface of the polymer layer may improve the growth of
an additional layer. The typical low mobility of a polymer
is not a limiting factor, because the carriers only have to
be transported over a small vertical distance. On top of
the polymer layer, organic small molecules are then de-
posited. At least two advantages can be found for this
approach. First, organic small molecules typically have
a higher mobility compared to polymers. Therefore, lat-
eral transport over a longer distance is possible. Second,
it was found that small molecules grow in very well or-
dered films on top of a polymer film, maintaining their
high mobility. The combination of polymers and small
molecules is not essential for the working of the device,

but it greatly improves the performance.
[0065] In another embodiment the first organic semi-
conductor layer (25, 35, 45, 55) and the second organic
semiconductor layer (26, 36, 47, 57) may comprise or
consist of small molecules. Small molecules in the light
of the present invention are molecules with a molecular
mass between 2 and 10,000.
[0066] In another embodiment the first organic semi-
conductor layer (25, 35, 45, 55) and the second organic
semiconductor layer (26, 36, 47, 57) may comprise pol-
ymers. In this case the solvents of the polymers must be
carefully chosen, preferably from classes of orthogonal
solvents, such that the first polymer layer is not dissolved
by the solvent of the second polymer layer. Examples of
orthogonal solvents are water and toluene, alcohol and
chlorobenzene.
[0067] The accumulation layer of the charge carriers
is formed at the heterojunction between the insulating
layer and one of the organic semiconductor layers or at
the heterojunction between two organic semiconductor
layers. So the charge carriers are formed at the junction
of two different materials adjacent to each other; those
materials may be the insulating layer and one of the or-
ganic semiconductor layers or they may be two different
organic semiconductor layers.
[0068] The first organic semiconductor layer (25, 35,
45, 55) may be a p-type layer and the second organic
semiconductor layer (26, 36, 47, 57) may be an n-type
layer. In this case, the first charge injecting electrode (22,
32, 42, 52) injects holes into the first organic semicon-
ductor layer and the second charge injecting electrode
(27, 20, 37, 30, 48, 58) injects electrons into the second
organic semiconductor layer.
[0069] In another embodiment the first organic semi-
conductor layer (25, 35, 45, 55) may be an n-type layer
and the second organic semiconductor layer (26, 36, 47,
57) may be a p-type layer. In this case, the first charge
injecting electrode (22, 32, 42, 52) injects electrons into
the first organic semiconductor layer and the second
charge injecting electrode (27, 20, 37, 30, 48, 58) injects
holes into the second organic semiconductor layer.
[0070] In another embodiment one or more organic
layers are partially or fully doped. Examples of dopants
are 1, Fe3Cl, F4-TCNQ, Ca, PSS, molecules different
from the material used in the organic layer. This list of
dopants is not intended to be restrictive, but only to pro-
vide examples.
[0071] Other embodiments combine two or more em-
bodiments. For example, one or more additional layers
may be added and one or more of the organic layers may
be partially of fully doped.
[0072] Typical thickness of the organic semiconductor
layers is between 1 nanometer and 10 micrometer. The
preferred thickness is between 30 nanometer and 100
nanometer.
[0073] In some cases, the organic semiconductor layer
needs to be limited to a certain area, as illustrated in
Figure 3 (layer 35) and in Figure 4 (layers 45 and 46).
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There are different possibilities to confine the organic
semiconductor layer such as inkjet printing, screen-print-
ing, etc.
[0074] The devices according to the invention operate
by applying a bias voltage between the two electrodes.
This bias voltage may be a continuous voltage or it may
be a pulsed voltage.
[0075] An advantage of the present invention is that in
combination with a pulsed voltage the triplet density in
the device may be reduced. Generally, there exist mainly
two different types of excitons: triplet excitons or triplets
and singlet excitons or singlets. The lifetime of triplets is
larger than that of singlet excitons. Typical lifetime of the
triplets is between 100 nanoseconds and 1 second,
whereas the lifetime of singlets is typically shorter than
10 nanoseconds. Under electrical excitation, typically
more triplets than singlets are generated. In combination
with the long triplet lifetime, this results in a very large
triplet density as compared to the singlet density. These
triplets may severely quench the singlets. However,
when the devices according to the present invention op-
erate by applying a pulsed voltage between the two elec-
trodes, the triplet density may be controlled and quench-
ing of singlets by triplets may be reduced. In order to
control the triplet density in the device the pulses should
be optimized.
[0076] Typical pulsed bias schemes are shown in Fig-
ure 12.a and Figure 12.b. 121 indicates a pulse with a
bias condition (applied voltage) at which charges are in-
jected into the active layer of the device. The duration of
these pulses is preferably chosen to be longer than the
radiation lifetime of singlet excitons (typically 1 ns) but
shorter than the lifetime of triplet excitons. The duration
of the interval 122 between pulses is preferably chosen
to be longer than the lifetime of triplet excitons. Optionally,
as shown in Figure 12.b, an extra pulse 123 may be ap-
plied during the interval 122, in order to extract a sub-
stantial amount of at least one type of charge carriers
from the active layer of the device.
[0077] Pulsed operation as illustrated in Figure 12 may
also be used to reduce heating of the device. Only during
pulses 121 power is dissipated in the device, and the
interval 122 may be used to dissipate heat without adding
power.
[0078] The devices may operate at room temperature.
Alternatively, they may operate in the temperature range
from 1 Kelvin to 450 Kelvin.
[0079] In a further improvement of the device, optical
confinement layers may be added to the device structure,
below and/or above the light emitting layer. Preferred
means of optical confinement comprise a stack of mate-
rials with lower refractive index than that of the light-emis-
sion zone, to provide optical confinement by waveguid-
ing. Optical feedback structures may be provided, such
as reflectors, distributed Bragg reflectors, distributed
feedback structures or metal mirrors. The integration of
optical elements such as lenses is also possible.
[0080] Depending on the materials and on the optical

confinement layers, light may be emitted isotropically or
in specific directions. The light output may be incoherent.
When using suitable organic semiconductors, optical
confinement structures and efficient optical feedback
structures or resonators, the light output may also be
coherent and laser emission may be achieved. This is
illustrated in Figure 11, showing possible alternatives for
the incorporation of optical resonators. In Figure 11.a,
resonators 70 are positioned around a light generating
device in accordance with embodiments of the present
invention, in the example illustrated a light generating
device corresponding to the embodiment shown in Figure
2, in such a way that feedback is generated in the lateral
direction. Arrow 71 indicates the direction in which feed-
back is generated. In Figure 11.b, resonators 72 are po-
sitioned around a light generating device in accordance
with embodiments of the present invention, in the exam-
ple illustrated a light generating device corresponding to
the embodiment shown in Figure 2, in such a way that
feedback is generated in the vertical direction, as indi-
cated by arrow 73.
[0081] The devices according to embodiments of the
present invention may be used in nanoscale light sources
for nano-photonics and nano-optoelectronics, laser ap-
plications, displays and automotive illuminations. The po-
tential for applications, in particular for intense light gen-
eration sources such as organic lasers, arises from the
specific device geometry and working mechanism, which
allows reduction of optical absorption losses, maintaining
high current densities and therefore high light intensities.
The list of applications is not intended to be restrictive,
but only to provide examples.

Preferred embodiment of the invention

[0082] Referring to Figure 2, in an embodiment of the
invention, the first organic semiconductor layer 25 may
be a p-type layer and the second organic semiconductor
layer 26 may be an n-type layer. In this case, the first
charge injecting electrode 22 injects holes into the first
organic semiconductor layer 25 and the second charge
injecting electrode 27 injects electrons into the second
organic semiconductor layer 26. Preferably first charge
injecting electrode 22 is an indium-tin-oxide electrode,
which is transparent and has low optical absorption loss-
es. Injection into the n-type organic semiconductor layer
26 may happen from a LiF:Al electrode. In the preferred
embodiment, the first organic semiconductor layer 25
may be a polymer layer and the second organic semi-
conductor layer 26 may consist of small molecules. Pref-
erably an n-type material with high electron mobility may
be used, to enhance efficient lateral field-effect transport.
The use of a polymer for the first organic semiconductor
layer 25 and a small molecule for the second organic
semiconductor layer 26 is one particular well-chosen
combination in this device. The polymer layer may be
deposited first. This has the advantage that the top sur-
face is very smooth, improving the growth of an additional
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layer. The typical low mobility of a polymer is not a limiting
factor, because the carriers only have to be transported
over a small vertical distance. On top of the polymer layer
organic small molecules may then be deposited. This
has two main advantages. First, organic small molecules
typically have a higher mobility compared to polymers.
Therefore, lateral field-effect transport over a longer dis-
tance is possible. Secondly, it was found that small mol-
ecules grow in well-ordered films on top of a polymer film,
maintaining their high mobility. The combination of poly-
mers and small molecules is not essential for the working
of the device, but it greatly improves the performance.
[0083] As a purely illustrative example of this embod-
iment, the device represented in Figure 5 was made. This
device comprises a glass substrate 51, covered with a
transparant indium-tin-oxide electrode layer 52. On top
of this first charge injecting electrode 52, a silicon dioxide
layer 53 is deposited, only partly covering the electrode
area. In a next step of a process for manufacturing such
a device, a p-type organic semiconductor polymer layer
55, polytrialene amine (PTAA), is spincoated over the
complete sample, followed by the deposition of an or-
ganic layer doped with Iridium (III) bis(2-(2’-benzothienyl)
pyridinato-N,C3)(acetylacetonate) (btp2lr(acac)) as light-
emitting dye 56. Next, a layer 57 comprising NN’-Ditride-
cylperylene-3,4,9,10 tetracarboxylic diimide (PTCDI-
C13H27), an n-type small molecule, is deposited. Here,
PTCDI-C13H27 is used as n-type material because this
material possesses high electron mobility, which is pre-
ferred for efficient lateral transport. Finally, a LIF:Al top
electrode layer 58 is vacuum deposited by metal evap-
oration through a shadow mask, displaced with respect
to the insulator edge 54.
[0084] By applying a positive voltage bias to the indi-
um-tin-oxide electrode (52), holes are injected from that
electrode into the PTAA layer 55 and electrons are in-
jected from second electrode 58 into the PTCDI-C13H27
layer 57. The holes are transported essentially vertically
by space charge limited conduction or ohmic conduction.
The electrons are forming an accumulation layer in the
PTCDl-C13H27 layer 57 at the interface 59 between the
two organic layers 56 and 57. These electrons are trans-
ported laterally towards the insulator edge 54 by field-
effect conduction. In the vicinity of the insulator edge ex-
citons are formed on the light-emitting dye, btp2lr(acac).
Recombination of these excitons results in red light emis-
sion near the insulator edge 54. Light intensity can be
tuned by changing the voltage bias applied to the first
charge injecting electrode 52 or by changing the distance
between the second charge injecting electrode 58 and
the insulator edge 54. The light emission spectrum and
the current-voltage characteristics of this device are
shown in Figure 9 and Figure 10 respectively.
[0085] Recombination of excitons occurs in the vicinity
of the insulator edge 54. This is proven experimentally
as well as by simulations. An image of the light-emission
50 in this structure was made when the electrodes were
biased according to the measurement shown in Figure

10 . This image shows that light-emission 50 in the
present invention indeed occurs essentially near the
edge of the insulator in the light-emitting layer. This is
confirmed by simulations.

Claims

1. A two-terminal light-emitting device comprising:

an active layer (15; 25,26; 35,36; 45,46,47;
55,56,57; 65) comprising at least one organic
semiconductor layer;
a first electrode (12, 22, 32, 42, 52, 62) substan-
tially lying in a plane, the first electrode being for
injecting charge carriers of a first type into the
active layer (15; 25,26; 35,36; 45,46,47;
55,56,57; 65);
a second electrode (16, 10, 27, 20, 37, 30, 48,
58, 67) for injecting charge carriers of a second
type into the active layer (15; 25,26; 35,36;
45,46,47; 55,56,57; 65), the second type of
charge carriers being of opposite polarity from
the first type of charge carriers, at least part of
the second electrode (16, 10, 27, 20, 37, 30, 48,
58, 67) overlaying part of the first electrode (12,
22, 32, 42, 52, 62); and
an electrically insulating layer (13, 23, 33, 43,
53, 63) in contact with the active layer (15; 25,26;
35,36; 45,46,47; 55,56,57; 65), at least part of
the electrically insulating layer overlaying part
of the first electrode (12, 22, 32, 42, 52, 62),

wherein the electrically insulating layer (13, 23, 33,
43, 53, 63) has an insulator edge (14, 24, 34, 44,
54), and wherein at least part of the second electrode
(16, 10, 27, 20, 37, 30, 48, 58, 67) overlays part of
the electrically insulating layer (13, 23, 33, 43, 53,
63), but not the insulator edge (14, 24, 34, 44, 54),
there being a predetermined distance between the
insulator edge (14, 24, 34, 44, 54) and the second
electrode (16, 10, 27, 20, 37, 30, 48, 58, 67) in a
direction parallel to the plane of the first electrode
(12, 22, 32, 42, 52, 62).

2. The two-terminal light-emitting device according to
claim 1 wherein said predetermined distance is be-
tween 100 nm and 1000 micrometer, preferably be-
tween 1 micrometer and 10 micrometer.

3. The two-terminal light-emitting device according to
any of the previous claims wherein said insulating
layer (13, 23, 33, 43, 53, 63) has a thickness between
1 nm and 1 micrometer, preferably between 50 nm
and 200 nm.

4. The two-terminal light-emitting device according to
any of the previous claims wherein at least one of
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said at least one organic semiconductor layer com-
prises an organic semiconductor consisting of small
molecules with a molecular mass between 2 and
10,000, polymers and metal complexes.

5. The two-terminal light-emitting device according to
any of the previous claims wherein said active layer
(15; 25,26; 35,36; 45,46,47; 55,56,57; 65) compris-
es:

a first organic semiconductor layer (25, 35, 45,
55) contacting said first electrode (12, 22, 32,
42, 52, 62); and
a second organic semiconductor layer (26, 36,
47, 57) contacting said second electrode (16,
10, 27, 20, 37, 30, 48, 58, 67).

6. The two-terminal light-emitting device according to
claim 5 wherein said first organic semiconductor lay-
er (25, 35, 45, 55) comprises polymers and wherein
said second organic semiconductor layer (26, 36,
47, 57) comprises molecules with a molecular mass
between 2 and 10,000.

7. The two-terminal light-emitting device according to
any of the previous claims, wherein said active layer
(15; 25,26; 35,36; 45,46,47; 55,56,57; 65), said first
electrode (12, 22, 32, 42, 52, 62), said second elec-
trode (16, 10, 27, 20, 37, 30, 48, 58, 67) and said
electrically insulating layer (13, 23, 33, 43, 53, 63)
are selected and positioned such that said first type
of charge carriers diffuses by ohmic conduction or
by space charge limited conduction and said second
type of charge carriers drifts by field-effect conduc-
tion over said predetermined distance before recom-
bining with the first type of charge carriers.

8. The two-terminal light-emitting device according to
claim 7 wherein said field-effect conduction takes
place in one of said at least one organic semicon-
ductor layer which has a mobility higher than 10-3

cm2/Vs for said second type of charge carriers.

9. The two-terminal light-emitting device according to
any of the previous claims wherein the first electrode
(12, 22, 32, 42, 52, 62), the second electrode (16,
10, 27, 20, 37, 30, 48, 58, 67) and the insulating layer
(13, 23, 33, 43, 53, 63) are positioned with respect
to each other so as to reduce or avoid a parasitic
electrically conductive path between said first elec-
trode (12, 22, 32, 42, 52, 62) and said second elec-
trode (16, 10, 27, 20, 37, 30, 48, 58, 67).

10. The two-terminal light-emitting device according to
any of the previous claims, wherein part of said sec-
ond electrode (16, 10, 27, 20, 37, 30, 48, 58, 67)
overlays part of said electrically insulating layer (13,
23, 33, 43, 53, 63) and wherein the remainder of said

second electrode (16, 10, 27, 20, 37, 30, 48, 58, 67)
overlays any electrically insulating layer positioned
in between said first electrode (12, 22, 32, 42, 52,
62) and said second electrode (16, 10, 27, 20, 37,
30, 48, 58, 67).

11. The two-terminal light-emitting device according to
any of the previous claims wherein said active layer
(15; 25,26; 35,36; 45,46,47; 55,56,57; 65) further
comprises at least one additional organic layer se-
lected from the group consisting of light-emitting lay-
ers, electron-blocking layers, hole-blocking layers,
transport layers and optical confinement layers.

12. The two-terminal light-emitting device according to
claim 11, the active layer (15; 25,26; 35,36; 45,46,47;
55,56,57; 65) comprising a layer emitting light,
wherein said at least one additional organic layer is
a stack of materials with lower refractive index than
that of the layer emitting light.

13. The two-terminal light-emitting device according to
any of the previous claims wherein said first elec-
trode (12, 22, 32, 42, 52, 62) is transparent to the
light emitted by said light-emitting device.

14. The two-terminal light-emitting device according to
any of the previous claims, further comprising an op-
tical feedback structure.

15. The two-terminal light-emitting device according to
claim 14, wherein said optical feedback structure is
any of a distributed Bragg reflector, a distributed op-
tical feedback structure or a mirror.

16. The two-terminal light-emitting device according to
any of the previous claims, further comprising:

at least one optical confinement structure; and
at least one optical resonator (70, 72),

wherein said at least one optical confinement struc-
ture and said at least one optical resonator (70, 72)
are arranged such that the light emitted by said light-
emitting device is substantially coherent and laser
emission is achieved.

17. A method of manufacturing a two-terminal light-emit-
ting device, the method comprising:

providing a first electrode (12, 22, 32, 42, 52,
62) substantially lying in a plane;
providing an electrically insulating layer (13, 23,
33, 43, 53, 63) overlaying part of the first elec-
trode (12, 22, 32, 42, 52, 62), the insulating layer
having an insulator edge (14, 24, 34, 44, 54);
providing a second electrode (16, 10, 27, 20, 37,
30, 48, 58, 67) overlaying part of the electrically
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insulating layer (13, 23, 33, 43, 53, 63) but not
the insulator edge (14, 24, 34, 44, 54), there be-
ing a predetermined distance in a direction par-
allel to the plane of the first electrode (12, 22,
32, 42, 52, 62) between the insulator edge (14,
24, 34, 44, 54) and the second electrode (16,
10, 27, 20, 37, 30, 48, 58, 67); and
providing an active layer (15; 25,26; 35,36;
45,46,47; 55,56,57; 65) comprising at least one
organic semiconductor layer, the active layer
being in contact with part of the first electrode
(12, 22, 32, 42, 52, 62), at least part of the second
electrode (16, 10, 27, 20, 37, 30, 48, 58, 67) and
at least part of the electrically insulating layer
(13, 23, 33, 43, 53, 63).

18. The method of manufacturing a two-terminal light-
emitting device according to claim 17, wherein said
predetermined distance is between 100 nm and
1000 micrometer, preferably between 1 micrometer
and 10 micrometer.

19. The method of manufacturing a two-terminal light-
emitting device according to any of claims 17 or 18,
wherein providing an active layer (15; 25,26; 35,36;
45,46,47; 55,56,57; 65) comprises:

providing a first organic semiconductor layer
(25, 35, 45, 55) contacting said first electrode
(12, 22, 32, 42, 52, 62); and
providing a second organic semiconductor layer
(26, 36, 47, 57) contacting said second electrode
(16, 10, 27, 20, 37, 30, 48, 58, 67).

20. The method of manufacturing a two-terminal light-
emitting device according to any of claims 17 to 19,
wherein providing an active layer (15; 25,26; 35,36;
45,46,47; 55,56,57; 65) further comprises:

providing at least one additional organic layer
selected from the group consisting of light-emit-
ting layers, electron-blocking layers, hole-block-
ing layers, transport layers and optical confine-
ment layers.

21. The method of manufacturing a two-terminal light-
emitting device according to any of claims 17 to 20,
further comprising providing an optical feedback
structure.

22. The method of manufacturing a two-terminal light-
emitting device according to any of claims 17 to 21,
further comprising:

providing at least one optical confinement struc-
ture;
providing at least one optical resonator (70, 72),

wherein said at least one optical confinement struc-
ture and said at least one optical resonator (70, 72)
are arranged such that the light emitted by said light-
emitting device is substantially coherent and laser
emission is achieved.

23. A method for emitting light from a two-terminal device
comprising an active layer (15; 25,26; 35,36;
45,46,47; 55,56,57; 65) comprising at least one or-
ganic semiconductor layer, a first electrode (12, 22,
32, 42, 52, 62) substantially lying in a plane, a second
electrode (16, 10, 27, 20, 37, 30, 48, 58, 67), and an
insulating layer (13, 23, 33, 43, 53, 63) in between
the first electrode (12, 22, 32, 42, 52, 62) and the
second electrode (16, 10, 27, 20, 37, 30, 48, 58, 67),
the method comprising:

injecting charge carriers of a first type from the
first electrode (12, 22, 32, 42, 52, 62) into the
active layer (15; 25,26; 35,36; 45,46,47;
55,56,57; 65);
injecting charge carriers of a second type from
the second electrode (16, 10, 27, 20, 37, 30, 48,
58, 67) into the active layer (15; 25,26; 35,36;
45,46,47; 55,56,57; 65), the second type of
charge carriers being of opposite polarity from
the first type of charge carriers; and
inducing recombination of the first type of charge
carriers with the second type of charge carriers
at a predetermined distance from the second
electrode (16, 10, 27, 20, 37, 30, 48, 58, 67), in
a direction substantially parallel to the plane of
the first electrode (12, 22, 32, 42, 52, 62).

24. The method for emitting light from a two-terminal de-
vice according to claim 23, furthermore comprising
forming an accumulation layer (191) of the second
type of charge carriers in the active layer (15; 25,26;
35,36; 45,46,47; 55,56,57; 65).

25. The method for emitting light from a two-terminal de-
vice according to claim 23 or claim 24, furthermore
comprising inducing transportation of the first type
of charge carriers by space charge limited conduc-
tion or by ohmic conduction.

26. The method for emitting light from a two-terminal de-
vice according to any of claims 23 to 25, furthermore
comprising inducing transportation of the second
type of charge carriers by field-effect conduction.

27. The method for emitting light from a two-terminal de-
vice according to claim 26 wherein said field-effect
conduction takes place in one of said at least one
organic semiconductor layer, characterized in that
it has a mobility higher than 10-3 cm2/Vs for said
second type of charge carriers.
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28. The method for emitting light from a two-terminal de-
vice according to any of claims 23 to 27, wherein
said predetermined distance is between 100 nm and
1000 micrometer, preferably between 1 micrometer
and 10 micrometer.

29. The method for emitting light from a two-terminal de-
vice according to claim 23 to claim 28, further com-
prising inducing optical feedback.

30. The method for emitting light from a two-terminal de-
vice according to any of claims 23 to 29, further com-
prising:

inducing optical confinement; and
inducing optical resonance,

thereby emitting substantially coherent light and
achieving laser emission.

31. The use of the two-terminal light-emitting device of
any of claims 1 to 16 for emitting light, wherein a bias
voltage with a substantially constant amplitude is ap-
plied between said first electrode (12, 22, 32, 42, 52,
62) and said second electrode (16, 10, 27, 20, 37,
30, 48, 58, 67).

32. The use of the two-terminal light-emitting device of
any of claims 1 to 16 for emitting light, wherein a
pulsed bias voltage is applied between said first elec-
trode (12, 22, 32, 42, 52, 62) and said second elec-
trode (16, 10, 27, 20, 37, 30, 48, 58, 67), and wherein
charge carriers are injected in the active layer (15;
25,26; 35,36; 45,46,47; 55,56,57; 65) during the
pulses (121) of the pulsed bias voltage.

33. The use according to claim 32, wherein the duration
of said pulses (121) is longer than the radiation life-
time of singlet excitons in the layer emitting light and
shorter than the lifetime of triplet excitons in said lay-
er.

34. The use according to any of claims 32 or 33, wherein
the time interval (122) between said pulses (121) is
longer than the lifetime of triplet excitons in the layer
emitting light.

35. The use according to any of claims 32 to 34, wherein
the duration of said pulses (121) is between 1 ns and
100 ns.

36. The use according to any of claims 32 to 35, wherein
the time interval (122) between said pulses (121) is
between 1 Ps and 1 s.

37. The use according to any of claims 32 to 36, wherein
a charge carrier extraction pulse (123) is provided
at each time interval (122) between said pulses

(121), the charge carrier extraction pulse (123) hav-
ing opposite polarity compared to the charge inject-
ing pulses (121) of the pulsed bias voltage.
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